Molecular characterization of novel soybean-associated viruses identified by high-throughput sequencing by Yasmin, Tuba
 MOLECULAR CHARACTERIZATION OF NOVEL SOYBEAN-ASSOCIATED VIRUSES 
 IDENTIFIED BY HIGH-THROUGHPUT SEQUENCING 
BY 
 
TUBA YASMIN 
 
 
 
 
 
 
 
THESIS 
 
Submitted in partial fulfillment of the requirements  
for the degree of Master of Science in Crop Sciences  
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2016 
 
 
 
 
 
Urbana, Illinois 
 
        
Master’s Committee: 
 
            Associate Professor Leslie L. Domier, adviser 
            Associate Professor Kristopher N. Lambert 
            Professor Glen L. Hartman 
ii 
 
ABSTRACT 
 
 
High-throughput sequencing of mRNA from soybean leaf samples collected from North Dakota 
and Illinois soybean fields revealed the presence of two novel soybean-associated viruses. The first 
virus has a single-stranded positive-sense RNA genome consisting of 8,693 nt that contains two 
large open reading frames (ORFs). The predicted amino acid sequence of the first ORF showed 
similarity to structural proteins, of members of the invertebrate-infecting Dicistroviridae and the 
sequence of the second ORF which is a nonstructural proteins lack affinity to other virus sequences 
available in GenBank. The presence of separate ORFs for the structural and nonstructural proteins 
was similar to members of the family Dicistroviridae, but the order of the two ORFs in the new 
virus was opposite to that of the family Dicistroviridae. Because of the virus’ unique genome 
organization and the lack of strong phylogenetic association with previously described virus 
families, the soybean-associated virus may represent a novel virus family. The second virus also 
has a single stranded positive sense RNA genome, but has two genomic segments. The larger 
segment (RNA1), which is 8,208 nt long, encodes the replication-related proteins while the smaller 
segment (RNA2), which is 5,806 nt long, encodes the structural and movement proteins. Both the 
segments have a very long 3’ untranslated regions with lengths of more than 1,550 nt. The 
predicted amino acid sequences for both the segments were closely related to members of subgroup 
C of the genus Nepovirus.  
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CHAPTER 1: BACKGROUND 
Plant Viruses 
Viruses, including plant viruses are among the smallest known infectious agents that need 
a host plant for replication. The basic components of virtually all viruses consist of a small piece 
of nucleic acid surrounded by a coat protein. The first virus to be discovered and described was 
Tobacco mosaic virus (TMV). It was distinguished from other pathogens by its extremely small 
size. Tobacco mosaic virus passed through a filter that bacteria were unable to penetrate (Zaitlin, 
1998). After this discovery, a large number of viruses were discovered from different hosts such 
as animals, bacteria and fungi. Some of the viruses showed close similarity to each other while 
others were very different. Just like cellular organisms, viruses showed great diversity and 
variation (Gibbs, 1969). Therefore, naming them and grouping them into a taxonomic system 
became extremely important. 
Different viruses are placed into their respective taxonomic groups by the International 
Committee on Taxonomy of Viruses (ICTV) system that combined and extended the Baltimore 
System of classification (Streblow et. al., 2012). The Baltimore system classified the viruses 
according to their nucleic acid types (DNA or RNA), sense (positive or negative), strand (single 
or double stranded) and the way they replicate. This system divided viruses  into seven distinct 
groups, i.e. double-stranded (ds) DNA viruses, single-stranded (ss) DNA viruses, dsRNA viruses, 
(+)-sense ssRNA viruses, (-)-sense ssRNA viruses, RNA reverse transcribing viruses and DNA 
reverse transcribing viruses (Xeu et al., 2012). The ICTV method of classification further divides 
the groups of viruses into orders, families, subfamilies, genera and species. As per 2013 the ICTV 
report, the identified viruses are divided into 7 orders, 103 families, 22 sub families, 420 genera 
and 2618 species (Panchal et al. 2015).  
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Among various types of viruses discovered, RNA viruses are the most abundantly found 
pathogens known to infect plants (Gergerich and Dolja, 2006). Their structural analysis, genomic 
construction and replication strategies ensure their stability and survival (Domingo and Holland, 
1997).  These viruses have RNA as their genetic material that can be double-stranded or single 
stranded.  The single stranded RNA viruses can be positive sensed and negative sensed (te Velthuis, 
2014).  
Viruses can be transmitted through various mechanisms. They can be directly transmitted 
through contact with the infected plant. TMV is one of the examples of this type of transmission. 
An insect vector for this virus is still not known (Kumar et al., 2013). Potato virus X also gets 
transmitted by physical contact. It can be transmitted by farmers or animals that were in contact 
with the infected plants and also by contaminated equipment (Loebenstein & Gaba, 2012). Vectors 
are any organisms that feed on the infected plants and carry the viruses along with them to other 
hosts. Vectors can include insects, root nematodes and fungi (Brault et al., 2010). Insects such as 
aphids, leafhoppers, planthoppers, thrips and whiteflies are potential virus transmitters. Some of 
the viruses known as non-persistent viruses are transmitted by various aphid species after a brief 
feeding on the infected plants. The viruses get attached to the stylet tip of the aphids and soon get 
inoculated while the vectors feed on the new plants (Hooks and Alberto, 2006).  Semi-persistent 
viruses require comparatively longer time of plant access for efficient uptake and inoculation of 
viruses. The aphids can retain and inoculate the virus up to two days (Katis et al., 2007). Persistent 
viruses are specifically spread by a few aphid species that enter through the stylet of the vectors, 
pass the abdominal gut into the hemolymph and then to the salivary glands. During insect feeding 
these viruses are re-introduced into plants (Hogenhout et al., 2008). All soil-borne root nematodes 
that transmit viruses are ectoparasitic in nature. As they feed on the infected roots they ingest virus 
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particles that get attached to the esophageal lining of the nematodes and remain there. Virus 
particles are released with the saliva when the nematodes feed on the new healthy roots (Dijkstra 
and Jager, 1998). Transmission can be both persistent and non-persistent, but no replication of 
virus within the nematodes have been reported. Parasitic fungi transmit or acquire viruses to and 
from the host, as they associate with the root and start growing within plant cells. Viruses may 
remain in the zoospores and resting spores (oomycetes) of the fungus but they do not replicate 
(Adams et al., 2001). Seed transmission is another method that aids in the spread of viruses and 
occurs when viruses infect the embryo directly via the ovule or when infected gametes assist the 
viruses invade the embryo (Wang and Maule, 1994). After penetrating its host plant, these viruses 
can cause mild to severe infection that can result in losses in crop yields and also in their quality.  
Soybean and Its Importance 
Soybean (Glycine max) is an important, legume crop cultivated as a food source for both 
humans and animals. It is widely distributed in East Asia and its first domestication can be traced 
back to China about 3000 years ago (Wen et al., 2015). In Asia, soybeans are often grown for their 
seeds, from which different types of food products are made. However, in the United States it was 
initially used for forage and green manure. At present, soybean is grown for its grain. United States 
has become one of the main producers and ranks first among the exporters of soybean. China is 
the largest importer with Mexico, European Union and Japan being other important international 
buyers (Gibson and Benson, 2005).  
Soybeans are processed into oil that is used in preparation of shortenings, vegetarian cheese, 
margarine and cooking oil. Other essential food products that are made from soybean include 
lecithin, soy flour, soy milk, soynut butter and tofu.  
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Effects of Virus Infection on Soybean Plants  
Soybeans are subjected to various diseases caused by bacteria, fungi, insects, nematodes 
and viruses. Viral diseases such as alfalfa mosaic, bean pod mottle, tobacco ringspot and soybean 
mosaic are some of the most common diseases that infect soybean plants. Soybean mosaic virus 
(SMV) is reported to cause soybean yield losses and deterioration of seed quality. It is a seed-
borne and aphid-transmitted virus, often causing systemic or localized necrosis with systemic 
mosaic symptoms on soybeans and other plant species (Chen et al., 2008). Alfalfa mosaic virus 
(AMV) usually causes minor symptoms on soybean plants. However, severe symptoms were seen 
when soybean plants were co-infected with SMV and AMV. Co-infected soybean plants also 
showed an increase in the AMV level indicating that AMV-SMV interaction is synergistic 
(Malapi-Nelson et al., 2009). Co-infection of soybean plants with Bean pod mottle virus (BPMV) 
and SMV was also shown to enhance the concentration of BPMV in the plants relative to those 
only infected with BPMV. Two doubly infected soybean cultivars showed lower yields than those 
which are singly infected with either virus (Calvert and Ghabrial, 1983). Soybean plants inoculated 
with BPMV or SMV or both resulted in seed coat mottling while the healthy plants showed little 
or no mottling (Hobbs et al., 2003). When, soybean seedlings of cultivar Amsoy 71 were randomly 
inoculated in different percentages with SMV, the percentage of infected plants at the end of the 
growing season was proportional to the percentage of inoculated seedlings (Hill et al., 1987). SMV 
can also be transmitted by the soybean aphid, Aphis glycines. However, A. glycine is a more 
efficient vector of persistently transmitted viruses on soybean and non-persistently transmitted 
viruses that infect crops other than soybean (Wang et al., 2006, Gildow et al., 2008). Aphis glycine 
itself can decrease soybean yield by $2.4 billion yearly if left untreated (Tilmon et al., 2011). It 
can cause “physiological loss” on soybean that can go up to 52% (Hill et al., 2001). Occurrence 
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of SMV during early-season in the year 2001 was 2%. As the soybean aphid, A. glycines, arrived 
it rose to 80% within 18 days. In 2002, the incidence of the virus increased to 44% within 21 days, 
which was 1% before the aphid arrived (Burrows et al., 2005). Another study suggest that A. 
glycine was a poor vector and had a relatively minor role in SMV transmission in soybean plants 
when acquisition feed was allowed for overnight. However, the vector became very efficient when 
it was allowed a 1-min acquisition probe on the same plants (Wang and Ghabrial, 2002).  
Leaf-feeding beetles help in spreading BPMV in soybean fields which is responsible for 
reducing soybean yield and degradation of seed quality, i.e. foliage and pod mottling symptoms, 
seed coat mottling and often seed discoloration. BPMV also influences seed infection caused by 
fungal species of genus Phomopsis (Giesler et al., 2002). Cowpea mild mottle virus (CMMV), 
which is transmitted by whiteflies, inoculation of sap and through infected seeds, caused mild 
mottling symptom on soybeans. In some cultivars it also caused mild vein-clearing, leaf 
malformation, vein necrosis or mosaic symptoms (Iwaki et al., 1982). 
High Throughput Sequencing (Next Generation Sequencing) 
Genetic information of all cellular organisms is carried from one generation to another by 
deoxyribonucleic acid or DNA. A DNA molecule forms a double helix structure and each strand 
is made up of smaller subunits called nucleotides which are made up of a pentose sugar, a 
phosphate group and one of the four nitrogenous base i.e. adenine, guanine, cytosine or thymine 
(Watson and Crick, 1953). Arrangement of nucleotides within a DNA molecule is accurately 
determined by a method called DNA sequencing. It is one of the main technologies used in the 
field of biology and medicine to study the organizations of genomes (Ronaghi et al., 1998).  
One of the most important breakthroughs in the field of biology was achieved when the 
Sanger sequencing method was developed (Men et al., 2008). This method, also known as the 
6 
 
chain termination method, uses modified dideoxynucleotides along with DNA primers and a DNA 
polymerase to determine the nucleotide sequence of a DNA template. During in vitro DNA 
synthesis, DNA polymerase selectively incorporates the dideoxynucleotides to terminate 
elongation of the DNA strand (Sanger et al., 1977). Several advanced sequencing methods were 
developed subsequently that remain dependent on the principles established by Sanger sequencing 
method (Shendure and Ji, 2008).  
High-throughput sequencing technologies that generate millions of short sequence reads in 
a single run have facilitated discovery and characterization of viruses from nature (Bibby and 
Peccia, 2013; Coetzee et al., 2010; Kristensen et al., 2010; Liu et al., 2011; Mokili et al., 2012; 
Rosario and Breitbart, 2011; Uren et al., 2009). The quantitative nature of metatranscriptomic and 
RNA-Seq analyses also permit measurements of the relative abundance of viruses in different 
samples and simultaneous assessment of levels of host gene expression (Trapnell et al., 2009). 
Analysis of small RNA populations from greenhouse- and field-grown soybean plants identified a 
large number of sequences derived from bacteria, fungi and a virus (BPMV) associated with 
soybean plants (Molina et al., 2012). It is also helpful in studying the whole genome sequences 
and identifying novel organisms. This method is also implemented in the present study to identify 
novel RNA soybean-associated viruses (Kreuze et al., 2009). 
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CHAPTER 2: SOYBEAN-ASSOCIATED BICISTRONIC VIRUS 
Introduction 
Viruses in the order Picornavirales have single stranded, positive-sense RNA [(+) ssRNA] 
with 3’ poly (A) tail and a covalently attached 5’ virus-encoded protein (VPg). The genomic RNAs 
of the Picornavirales generally have a single open reading frame (ORF) (Le Gall et al., 2008). 
However, the recently defined and rapidly growing family, Dicistroviridae, is an exception. The 
family of these invertebrate-infecting viruses derives its name from the two ORFs in their viral 
genomes. ORF 1 encodes the non-structural proteins, including the helicase, protease, VPg, RNA-
dependent RNA polymerase (RdRp) and in the case of Cricket paralysis virus (CrPV) and 
Drosophila C virus (DCV) suppressors of host RNA-mediated silencing. ORF 2 encodes the four 
structural proteins (Bonning, 2009). The organizations of the CrPV and DCV genomes differ 
considerably from that of the Picornaviridae, which contains a single ORF with cistrons encoding 
the structural proteins located proximal to the 5’ terminus of the genomic RNA and the cistrons 
encoding the nonstructural proteins located proximal to the 3’ terminus of the genome (Tate et al., 
1999). 
 Some of the distinguishing features of the dicistroviruses are that they have their structural 
proteins at the 3’ end of their genome and an intergenic region between the two ORFs. These two 
unique features place them in different taxa and distinguish them from members of the families 
Iflaviridae, Picornaviridae and Sequiviridae. The two ORFs of dicistroviruses also distinguish 
them from members of the subfamily Comovirinae, which express their structural and 
nonstructural proteins from two separate RNAs (Bonning and Miller, 2010). 
Sequences within the intergenic region (IGR) between the two ORFs of the dicistroviruses 
function as internal ribosome entry sequences (IRESs) that mediate initiation of translation by a 
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cap independent mechanism (Roberts and Groppelli, 2009). This complex approximately 200 
nucleotide IGR-IRES element forms several stem-loops and pseudoknots (Nakashima and 
Uchiumi, 2009).  
A novel soybean-associated bicistronic virus was identified during a survey conducted for 
viral infection in Illinois and North Dakota, USA. The virus is a positive-sense, single-stranded 
RNA virus similar to viruses in the order Picornavirales. Like the members of the Dicistroviridae, 
the genome of the novel virus also has two ORFs. However, the ORF 1 of this virus encodes 
structural proteins while ORF 2 encodes non-structural proteins, opposite to that of dicistroviruses. 
Moreover, the virus is predicted to initiate translation at an AUG codon for both of its ORFs, while 
dicistroviruses use noncanonical initiation codons for their 3’-proximal ORF. In this study, the 
novel virus was molecularly characterized and the virus was provisionally named as soybean-
associated bicistronic virus (SaBV) as its genome contains two large ORFs (i.e., cistrons) and was 
first discovered from soybean plants. 
 
Materials and Methods 
Plant Samples 
In 2010, soybean fields in 12 counties in Illinois and 25 counties in North Dakota were 
surveyed for virus infections. 10 fields per county were sampled in Illinois and 30 soybean leaves 
were randomly selected from each field. In North Dakota, eight fields per county were sampled by 
randomly selecting 20 leaves per field. Fields were sampled in a grid pattern across the area with 
a distance of at least 8 km between fields. A transect of approximately 170 m through each field 
was made and the leaves collected from each field were stored separately in a zip lock bag at -
80°C. A total of nearly 3,600 samples were collected from different fields in Illinois and 2,000 
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samples were collected in North Dakota. In 2012, 3080 samples were collected from fields in 
Illinois by following the same protocol as in 2010. The survey was conducted again to check 
whether the novel virus under study can still be detected (Table 2.1). 
 
RNA Extraction 
Total RNA was extracted from all collected samples. A cork borer was dipped in liquid 
nitrogen and used to collect discs of tissue from frozen stacks of 20 soybean leaves. Tissue discs 
were collected in screw-top tubes and pulverized with the help of two 5-mm metal beads. RNA 
was extracted using RNeasy Plant Mini Kit (Qiagen, Valencia, CA) as recommended by the 
manufacturer. Total RNAs were pooled and depleted of ribosomal RNA using a Ribo-Zero rRNA 
Removal kit (Epicentre Biotechnologies, Madison, WI). Libraries for sequencing were prepared 
using the TruSeq Stranded Total RNA Sample Prep kit (Illumina, Inc., San Diego, CA) and 
sequenced on an Illumina HiSeq 2000 at the W. M. Keck Center for Comparative and Functional 
Genomics at the University of Illinois. A second sequencing run was performed using 
polyadenylated RNAs from samples shown to contain the novel (+)ssRNA virus. 
 
Sequence Analysis 
Single- and paired-end sequence reads (100 nt in length) were assembled using TRINITY 
de novo transcriptome assembler (Grabherr et al., 2011), and compared to the available viral amino 
acid and nucleotide sequences using blast searches (Altschul et al., 1990) in Geneious (Drummond 
et al., 2011). Presence of virus in the collected leaves samples was confirmed by real-time reverse 
transcriptase polymerase chain reaction (RT-PCR) using virus-specific primers (forward primer: 
5’-GTTGAGATCGAAGGGAGACG-3’ and reverse primer: 
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5’TTGCGTAACGCTTCACAAAC-3’) and Power SYBR Green RNA-to-CT 1-Step Kit (Life 
Technologies, Grand Island, NY) according to the manufacturer’s specifications. Prism 7000 
Sequence Detection System (Applied Biosystems, Foster City, CA) was used for this experiment. 
The numbers of sequence reads that aligned to virus genomes were normalized as transcripts per 
million (TPM) aligned as described by Wagner et al., 2012. 
Rapid Amplification of cDNA Ends (RACE) 
Usually, high throughput sequencing does not completely identify 5’ and 3’ terminal 
sequences of RNAs. Therefore, the polyadenylated 3’ end of the viral genome was identified 
using the First Choice RLM-RACE kit (Life Technologies), and the 5’ end, which putatively 
contained a VPg, was identified using SMARTer RACE kit (Clonetech, Mountain View, CA). 
The primers used for performing RACE experiments were: 
For 5’end sequences reverse primers were used: 5’- TTGCGTAACGCTTCACAAAC -3’. 
For 3’end sequences reverse primers were used: 5’-GTTGAGATCGAAGGGAGACG-3’, 5’- 
AGGGAGACGAATGGGAAGAT-3’, 5’- GAATCGGTCGATTTCGTGAT -3’, 5’-
GGAGCAACACGTGTGAACTG -3’. 
 
PCR Amplification of Full-length cDNA of the Novel Virus 
First-strand cDNA was synthesized using SuperScriptTM III Reverse Transcriptase 
(Invitrogen) according to the manufacturer’s specifications.  
The 5’ primer 
(5’GAGAGGCGCCTAATACGACTCACTATAAGAAAATTATTTGGTGTGAGCGATTATGA
TGTA-3’) contained a NarI site restriction (underlined), T7 promoter (italicized) and the first 31 
nt of the viral genome.  
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The 3’ primer (5’-CTCTCCGCGG(T)32GGCAGAGAAGATAATTCTAAATCTCC-3’) 
contained a SstII restriction site (underlined), 32 thymidine bases, and the 26 nt complementary to 
the region of the virus genome preceding the poly(A) tail. Full-length cDNA was amplified from 
the first-strand cDNA with the enzyme iProof (BioRad, Hercules, CA) and the two primers 
mentioned above. The PCR conditions were 35 cycles of 95°C for 15 sec, 60°C for 15 sec and 
72°C for 10 min. 
 
Cloning and Analysis of the PCR Products 
The PCR product was ligated into pCR Blunt II TOPO using Zero Blunt TOPO® PCR 
Cloning Kit (Life Technologies) according to the manufacturer’s specification. The ligated 
products were transformed into competent Escherichia coli DH10B by electroporation (Sambrook 
and Russell, 2001) and spread on a petri-plate containing kanamycin. Plasmid DNAs were 
extracted from overnight cultures and analyzed for the presence of inserts on agarose gels 
(Sambrook and Russell, 2001). To confirm the size and sequence of the inserts, plasmid DNAs 
were extracted using QIAprep Spin Miniprep Kit, cut with ApaI and NsiI, and sequenced by primer 
walking using the Big Dye terminator kit (Applied Biosystems). Sequences were assembled and 
edited using Sequencher (version 5.2; Gencodes Ann Arbor, MI).  Three different clones of the 
novel virus were sequenced to confirm the high-throughput assembly (Fig. 2.1).  
In vitro Transcription and Inoculation of Soybean Plants  
The plasmid was linearized with the restriction enzyme SacII and transcribed in vitro to 
produce capped RNA using mMESSAGE Kit (Ambion) according to manufacturer’s 
specification. Sixteen soybean seedlings were inoculated with the in vitro RNA transcript of the 
novel virus. As a positive control soybean plants were inoculated with in vitro transcripts of 
12 
 
Soybean mosaic virus. Two soybean seedlings were also inoculated with sap from RT-PCR-
positive soybean leaf samples from the field (Fig. 2.1). 
Phylogenetic Analysis 
The predicted amino acid sequences of ORFs 1 and 2 were aligned with the structural and 
nonstructural proteins, respectively, of selected members of the Picornavirales using MUSCLE 
(Edgar, 2004). Conserved regions in the alignments were used to construct two phylogenetic 
trees using MEGA 6 (Tamura et al., 2007). For the structural proteins, the alignment of virus 
protein 1 (VP1) and virus protein 3 (VP3) amino acid sequences were used; and for the non-
structural proteins, the amino acid sequences corresponding to the Pfam PF00680 domain of the 
RNA dependent RNA polymerase (RdRP) was used. Conserved domains in the predicted amino 
acid sequences were identified using Interpro (Burge et al., 2012).  
Results 
High-throughput Sequence Analysis  
The first set of sequence data from North Dakota field samples yielded a total of 4.6×107 
100 nt-reads, and contained 2,139 reads from Alfalfa mosaic virus and 149 reads from Soybean 
dwarf virus. Less than five reads were detected from Cucumber mosaic virus and Soybean mild 
mottle pararetrovirus (Table 2.1). No reads were detected from Bean pod mottle virus (BPMV) or 
Soybean vein necrosis virus (SVNV) in the samples analyzed. In contrast, 2,025 reads were 
detected from BPMV and 3.0×106 reads were detected from SVNV in Illinois in 2010. Reads from 
the soybean-associated novel virus were also detected in North Dakota in 2010 and in Illinois in 
2010 and 2012 (Table 2.1). Only 22 and 29 reads were detected from North Dakota and Illinois, 
respectively, in 2010. Virus-positive leaf samples from North Dakota were identified. Sequence 
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analysis of polyadenylated RNA produced 5.2×107 paired-end 100 nt reads and increased the 
number of reads to 6,976 reads for the novel virus. With the greater depth of coverage, the reads 
were assembled into a contig of 7,624 nt that represented a nearly complete genome of a novel 
(+)ssRNA virus.  
 
RACE analysis and Virus Genome Structure  
Using total RNA extracted from virus-positive field samples, RACE analysis extended the 
5’ and 3’ ends of the virus genome 389 nt and 667 nt, respectively. The complete length of the 
assembled virus genome was 8,693 nt, excluding the poly-A tail at the 3’ end. To confirm the 
nucleotide sequence and high-throughput assembly, the full-length viral genome was amplified by 
RT-PCR using primers specific for the determined 5’ and 3’ ends. This analysis produced a RT-
PCR product of nearly 9 kb (Fig. 2.1), which indicated that the sequence assembly was not 
chimeric. Sequence and restriction enzyme digestion analyses of three independent cDNA clones 
of the virus genome detected few mismatches when compared to the high-throughput assembly, 
but no insertions or deletions. 
 
Genome Organization 
The sequence contained two non-overlapping ORFs, ORF1 and ORF2, of unequal lengths 
(Fig 2.2). Based on the locations of upstream in-frame termination codons, both ORFs were 
predicted to initiate translation at AUG codons. The 5’-proximal ORF1 was 2,298 nt long and 
predicted to encode 766 amino acids. The 3’-proximal ORF2 was longer consisting of 5,379 nt 
and predicted to encode 1,793 amino acids. The lengths of the 5’ and 3’ noncoding regions (NCRs) 
were 418 nt and 118 nt, respectively.  The IGR between ORFs 1 and 2 was 480 nt in length.  
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The 5’-proximal ORF1 was predicted to encode a polyprotein of approximately 85 kDa that 
showed similarity with the structural proteins of members of family Dicistroviridae (e.g., Aphid 
lethal paralysis virus and Cricket paralysis virus) and Picornaviridae (Fig. 2.2). The 3’-proximal 
ORF2 was predicted to encode a polyprotein of 201 kDa that showed similarity to nonstructural 
proteins of members of the Dicistroviridae that infect invertebrates and Picornaviridae that infect 
animals (e.g., Hepatitis A virus) (Fig. 2.1). The regions of the viral genome encoding the structural 
and nonstructural proteins of the new virus was the same as that of the viruses in the Picornaviridae, 
but the opposite of that of members of the Dicistroviridae, where ORF1 encodes the nonstructural 
proteins and ORF2 encodes the structural proteins. To reflect the virus’ unique genome 
organization, it was provisionally named soybean-associated bicistronic virus (SaBV). 
 
Prediction of Cleavage Sites in the ORF1 Polyprotein 
As the phylogenetic analysis of structural proteins showed more affinity towards non-
vertebrate host viruses, it was aligned with members of the family Dicistroviridae to predict the 
cleavage sites. A comparative study between CrPV, a member of family Dicistroviridae, and 
mammalian picornaviruses showed highly conserved structural features between these viruses 
(Liljas et al., 2002). Based on alignment of the predicted amino acid sequence of ORF1 with the 
predicted amino acid sequences of ORF2 polyproteins of the dicistroviruses, the cleavage site 
between VP2 and VP4 was predicted to occur at position 192 between amino acids VYAQ and 
DASV and the cleavage between VP4 and VP3 at position 225 between amino acids LFGF DYPN 
(Table 2.2). The cleavage site between VP3 and VP1 was less conserved, but was predicted to 
occur at position 521 between amino acids RTGQ and EDSS. These observations suggest that the 
ORF1-expressed polyprotein of SaBV is proteolytically cleaved to form four structural proteins 
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the coding regions for which are in the same order as in the ORF2-derived polyproteins of the 
Dicistroviridae (Fig. 2.2). The ORF2-encoded polyprotein of the novel virus was much less similar 
to the nonstructural proteins of other viruses in the Picornavirales. Therefore, cleavage site for the 
nonstructural polyprotein could not be predicted.   
 
Conserved Domains in ORF2 
The ORF2 poly protein of the novel virus was predicted to contain conserved domains in 
the order helicase, trypsin-like cysteine/serine peptidase, and RNA-directed RNA polymerase 
domain. The order of the signature domains confirmed that the novel virus belongs to the order 
Picornavirales. The ORF2 sequence of the novel virus was aligned with ORF2 of Tomato ringspot 
virus and a maximum identity of 29% with query cover of 27% was seen between them. Other 
viruses such as Solenopsis invicta virus-1, Acute bee paralysis virus and Formica exsecta virus 1 
showed less sequence identity.  
The predicted helicase was from superfamily 3 (SF3). Trypsin-like cysteine/serine 
peptidase domain of this novel virus was predicted to have a closed beta barrel structure while the 
RdRp domain represents the catalytic domain of all positive-strand RNA eukaryotic viruses with 
no DNA stage. 
 
Phylogenetic Analysis 
The phylogenetic analysis of the non-structural protein, RdRP, analysis showed that SaBV 
was phylogenetically nearly equidistant from animal, invertebrate, and plant viruses (Fig. 2.3). The 
tree showed that SaBV does not belong to any of the existing families in the order Picornavirales. 
The phylogenetic analysis of the structural proteins VP3 and VP1 showed that the novel virus is 
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comparatively closer to the invertebrate host viruses even though it shows some similarity with 
Hepatitis A virus, a vertebrate host virus (Fig. 2.4). 
 
Inoculation of Soybean Plants with Sap and in vitro Transcription 
Large amounts of capped in vitro transcribed RNA were synthesized from the plasmid template 
(Fig.2.1.E). No symptoms were seen on soybean seedlings when inoculated with in vitro RNA 
transcripts of the novel virus. Soybean seedlings that were inoculated with sap from RT-PCR-
positive soybean leaf samples from the field also did not show any symptoms. RT PCR also 
confirmed the lack of replication. 
 
Discussion 
 
In this study, a novel soybean-associated bicistronic virus with a unique genome 
organization was identified and molecularly characterized that is distantly related to invertebrate-
infecting dicistroviruses. Aligned reads of the novel virus generated from the RNA-seq data when 
compared against the virus database, did not show any match, confirming that the virus under 
study was novel. 
Inoculation of soybean seedlings with sap from RT-PCR-positive soybean leaf samples 
from the field and in vitro RNA transcripts synthesized from full-length clones of the virus genome 
did not produce any symptoms and systemic accumulation of viral RNA was also not detected. 
Hence, the probability of soybean being the host for the novel virus is low. Earlier studies showed 
that Rhopalosiphum padi virus (RhPV), a member of the Dicistroviridae that infects aphids, 
accumulated to high levels in plants infested with RhPV-infected aphids even though RhPV did 
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not replicate in plants (D'Arcy et al., 1981). Therefore, as the virus was detected in soybean plants, 
it is likely that the novel virus infects a soybean-associated invertebrate, e.g., soybean aphids 
(Aphis glycines), and that soybean plants serve as a vector for the novel virus. 
The genome of the novel virus contains two ORFs, the 5’ proximal ORF putatively 
encoding the structural proteins and the 3’ proximal ORF putatively encoding replication related 
proteins. Only members of the invertebrate-infecting Dicistroviridae have genome organizations 
with similar functional partitioning. However, the order of the ORFs encoding the structural and 
nonstructural proteins of the novel virus is the opposite of members of the Dicistroviridae.  A 
comparative analysis with members of the family Dicistroviridae shows that the genome length of 
the novel virus, that is 8,693 nt, is less than the lengths of the genomes of Cricket paralysis virus 
(CrPV; 9,185 nt) and Aphid lethal paralysis virus (ALPV; 9,812 nt). The capsid coding region of 
the novel virus is 129 amino acids shorter and the non-structural polyproteins are 22 amino acids 
longer than CrPV. CrPV has an inter-genic region of length 187nt, which is less than half the size 
of the novel virus. 
Dicistrovirus genomes have two IRES elements, which mediate cap-independent initiation 
of translation (Wilson et al., 2000). The first IRES is located in the 5’ NCR and directs initiation 
of the nonstructural proteins at AUG codons. The second IRES is located in the IGR between 
ORFs 1 and 2 and directs translation of the structural proteins at noncanonical initiation codons 
(Nakashima and Uchiumi, 2009). Cricket paralysis virus has a dicistronic mRNA with two 
functional IRES elements, one preceding each of the polyprotein-encoding ORFs. Like the 
dicistroviruses, the novel virus is also predicted to initiate translation from two IRES elements, but 
both are predicted to use AUG initiation codons. The sequences of both the 5’ NCR and IGR were 
predicted to fold into multilobed secondary structures typical of IRES elements (data not shown). 
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In the life cycle of a virus, capsid proteins are required in larger molar quantities than the 
nonstructural proteins to complete encapsidation of viral genomic RNA. Often, (+) ssRNA viruses 
that have cistrons encoding their capsid proteins near the 3’ ends of their genomes produce 
subgenomic RNA for capsid protein synthesis (Strauss et al., 1996; Nakashima and Uchiumi, 
2009). However, even though the structural protein coding sequences of members of the family 
Dicistroviridae are 3’ proximal, dicistroviruses do not produce subgenomic RNAs for translation 
of their capsid proteins. Instead, they produce their structural proteins through IRES elements 
present in the IGR (Nakashima and Uchiumi, 2009). CrPV and other members of the family 
Dicistroviridae can start initiation of translation even without any initiation factor, start codon and 
initiator tRNA (Muhs et al., 2011). CrPV produces its capsid proteins in supramolar excess over 
the replicase (Garrey et al., 2010). It has also been observed that capsid protein precursors are 
produced in excess compared to the nonstructural protein precursors in Drosophila cells infected 
with either CrPV or Drosophila C virus (Nakashima and Shibuya, 2006; Moore et al., 1980; Moore 
et al., 1981). Hence, the IGR-IRES that precedes the structural polyprotein of CrPV is more active 
in generating capsid proteins compared to the IRES near the 5’ end (Wilson et al., 2000). In 
contrast, the IGR-IRES of the novel virus is expected to be less active than the IGR-IRESs of 
dicistroviruses because the replicase is needed in much lesser quantity than the capsid proteins for 
packaging viral RNA into virions.  
The novel virus was predicted to encode four capsid proteins similar to and in the same 
gene order (VP2, VP4, VP3 and VP1) as the capsid proteins of the Dicistroviridae, VP3 and VP4 
together being a capsid protein precursor (Tate et al., 1999). Triatoma virus, another member of 
the family Dicistroviridae, shows similarity to CrPV (Czibener et al., 1999) and also to the novel 
virus. The structural protein sequence alignment of the novel virus with that of Triatoma virus 
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showed the presence of several conserved small amino acid sequences and the alignment of the 
novel virus with that of the CrPV predicted the cleavage sites.  
The virus under study was of a very unique nature. It does not show high similarity to any 
of the previously described viruses nor does it show any sign of genetic recombination. Genetic 
recombination can be defined as “the exchange of genetic information between non-segmented 
RNAs” (Lai, 1992). No segments of the novel virus show high similarity to any of the known 
viruses indicating that no exchange of genetic information has taken place. It is worth mentioning 
that even if the novel virus has undergone any recombination then the parental viruses are yet to 
be discovered.  
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Fig. 2.1. Step by step method for cloning and in vitro RNA transcript preparation of soybean- 
associated bicistronic virus. 
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Fig. 2.2. Comparative structure analysis of Soybean-associated novel bicistronic virus with  
Drosophila C virus and Hepatitis A virus. VPg: viral protein genome-linked, NCR: Non-coding  
region, IGR: inter genic region, IRES- internal ribosomal entry site. 
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Fig. 2.3. Phylogenetic Analysis of Non-Structural Protein (RdRP). Phylogenetic relationship of 
the new soybean-associated virus to animal picornaviruses, invertebrate discistroviruses and plant 
nepoviruses. The new virus does not show close affinity to any of the three groups of viruses or 
other virus sequences available in GenBank. 
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Fig. 2.4. Phylogenetic analysis of structural protein (VP3, VP1).  Phylogenetic tree showing the 
relationship of the novel virus with invertebrate- and vertebrate-host viruses in the Picornavirales. 
The figure shows that the soybean-associated bicistronic virus has more affinity towards the 
invertebrate host viruses than the vertebrate host viruses.  
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Table 2.1. Total number of sequence reads consisting of reads of known and novel viruses from 
samples collected in Illinois and North Dakota. 
  Sequence matches* 
Viruses found  
ND 2010 
TRNA 
(n=2,000) 
ND 2010 
mRNA 
(n=2,000) 
ND 2010 
mRNA 
(n=20) 
IL 2010 
TRNA 
(n=3,600) 
IL 2012 
TRNA 
(n=3080) 
IL 2012 
mRNA 
(n=3080) 
Alfalfa mosaic virus 2,139 0 0 0 2,784 0 
Soybean-associated    
bicistronic virus 22 6,976 0 29 0 25 
Bean pod mottle virus 0 59 0 2,025 75,557 725 
Broad bean mottle virus 0 971 0 0 0 0 
Cucumber mosaic virus 2 0 0 0 2 0 
North Dakota soybean 
nepovirus 2,679 221,016 3,117,660 0 0 0 
Soybean dwarf virus 149 1 0 0 224 0 
Soybean mild mottle 
pararetrovirus 4 0 0 0 3 0 
Soybean mosaic virus 0 725 0 23 0 11 
Soybean vein necrosis 
virus 0 0 0 3,007,484 12,456 2577 
Tobacco mosaic virus 0 0 0 8 3 0 
Tobacco ringspot virus 0 0 0 18 573 7 
Tobacco streak virus 0 0 0 218,788 10 16 
Total reads 4.6×107 5.2×107 1.71×108  7.8×107 4.3×108 1.8×108 
* Numbers of sequence matches were calculated by aligning sequence reads from each library to 
the genomic sequence of each virus using Bowtie. 
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Table 2.2. Comparison of predicted and determined cleavage sitesin the capsid 
polyproteins of the novel soybean-associated virus and members of the Dicistroviridae 
 VP2/VP4 VP4/VP3 VP3/VP1 
Virus1 Position Cleavage Site Position Cleavage Site Position Cleavage Site 
SaBV 192 VYAQ/DASV 225 LFGF/DYPN 521 RTGQ/EDSS 
DCV 275 IFAQ/VASE 340 MLGF/SKPT 631 IVAQ/VMGE 
CrPV 290 ISAQ/AASE 348 LFGF/SKPT 646 IVAQ/VMGE 
RhPV 233 SIAQ/VGEE 295 AFGF/SKPQ 555 SIAQ/VGTD 
TrV 252 IVAQ/AAKE 309 ALGF/SKPL 593 PIAQ/VGFA 
PSIV 256 LILQ/SGET 312 AFGF/SKPQ 580 LTLQ/SGDT 
HiPV 258 AREQ/VNLN 326 IPGF/KKPD 613 AQEQ/ANFA 
BQCV 233 MLAQ/AGLK 308 LFGF/SKPL 575 MVAQ/SNSG 
ABPV 320 VTMQ/INSK 403 AIGF/WSKP 703 ASMQ/INLA 
 
1SaBV: Soybean-associated bicistronic virus; DCV:Drosophila C virus; CrPV: Cricket paralysis 
virus; RhPV: Rhopalosiphum padi virus; TrV: Triatoma virus; PSIV: Plautia stali intestine virus; 
HiPV: Himetobi P virus; BQCV: Black Queen Cell Virus; ABPV: Acute bee paralysis virus. 
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CHAPTER 3: NORTH DAKOTA SOYBEAN NEPOVIRUS 
Introduction 
In 1963, Cadman proposed the name “NEPOvirus” for a group of viruses that were 
transmitted by “NEmatodes” and had “POlyhedral” particles (Mayo and Jones, 1999). Viruses 
belonging to genus Nepovirus are characterized by the presence of isometric particles, i.e. 
possessing 20 sides, also known as icosahedra. These minute isometric particles encapsidate the 
single -stranded positive-sense bipartite RNA genome of the virus. The longer genomic fragment, 
RNA-1, ranges between 7,200-8,400 nt in size while the shorter fragment, RNA-2 when studied 
among different members of the group ranged between 3,700-7,300 nt (Sanfaçon et al., 2009). 
Nepoviruses are mostly transmitted by nematodes in the genera Xiphinema and Longidorus 
(Harrison and Barker, 1978, Le Gall et al., 1994), but Blackcurrant reversion virus (BRV) and 
Tobacco ringspot virus (TRSV) have also been shown to be transmitted by mites and thrips, 
respectively (Messieha, 1969; Susi, 2004). Grapevine fanleaf virus, one of the members of the 
genus Nepovirus, is transmitted by Xiphinema index and causes one the most harmful diseases of 
grapevine (Krastanova et al., 1995). 
The larger nepovirus genome segment (RNA1) encodes the replication related proteins 
including a protease, helicase and an RNA-dependent RNA polymerase.  The smaller genome 
segment (RNA2) encodes the coat protein (CP) and the movement protein (MP), which facilitates 
the cell-to-cell movement of viruses as fully assembled virus particles. One study showed that the 
putative MP of Tomato ringspot virus (TomRSV) was associated with tubular structures 
containing virus-like particles in the infected plant cells. These tubular structures have been found 
to protrude into the cytoplasm through the cell wall of the adjacent cells (Wieczorek and Sanfaçon, 
1993).  
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Nepoviruses such as Tomato black ring virus (TBRV), Arabis mosaic virus (AMV), 
Raspberry ringspot virus (RRV) and Strawberry latent ringspot virus (SLRV) are restricted to 
Europe. Disease symptoms induced by most of the European nepoviruses are broad but not 
distinguished in nature. Usually, the disease symptoms in the fields remains the same whether it is 
caused by a single type of virus or a group of different viruses. Therefore, it is very difficult to 
distinguish disorders caused by a particular virus on the basis of symptoms only. However, 
nepoviruses that are found in North America, such as TRSV, TomRSV and Peach rosette mosaic 
virus (PRMV), induce symptoms such as mottling, stunting, leaf-rolling, delayed spring growth 
and low quality fruits (Martelli, 1978). TomRSV has been detected in many perennial crops all 
over the world. It affects a total of 285 plant species and is transmitted by members of both genera 
Xiphinema and Longidorus (Samuitienė et al., 2003). Grapevine fanleaf virus (GFLV) causes 
degeneration of grapevines and affects fruit quality. It reduces yield by up to 80% causing serious 
economic losses worldwide (Andret-Link et al., 2004). 
In this study, we molecularly characterized a new soybean-associated virus that was 
discovered from North Dakota field samples. The samples were randomly collected to study the 
occurrence of different types of viruses in a given place at a given time. The virus was provisionally 
named as North Dakota soybean nepovirus (NDNV) as it showed close similarity to members of 
subgroup C in the genus Nepovirus. 
 
Materials Methods 
Plant Samples 
Collection of plant samples and RNA extraction were done following the same protocol as 
mentioned for soybean-associated bicistronic virus (SaBV) in Chapter 2.   
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RNA Extraction 
Total RNA was extracted and libraries for sequencing were prepared following the same 
protocol as mentioned in Chapter 2. As the virus under study was a nepovirus with a polyA tail, 
total RNA was enriched for mRNA. Therefore, mRNA library was also prepared using the TruSeq 
mRNA Library Prep Kit as per the manufacturer’s protocol. The libraries were sequenced on an 
Illumina HiSeq 2000 at the W. M. Keck Center for Comparative and Functional Genomics at the 
University of Illinois. 
Sequence Analysis 
Analysis and assembly of high-throughput sequence data were done following the method 
described for SaBV in Chapter 2. The real-time reverse transcriptase polymerase chain reaction 
(RT-PCR) was done to confirm the presences of virus in the leaves samples using primers gene 
specific primers and keeping the other components the same. For Nepo RNA1 the primers used 
were: forward primer: 5’- GGATGCACGGGAAACCATTG -3’ and reverse primer: 5’- 
TGGCGGTGTCGATCAAATCT -3. For Nepo RNA2 the primers used were: forward primer: 5’- 
CCATCAGGCGGGTAGTTGTT -3’ and reverse primer: 5’- GAACCTGCGTTCTCCATCCA -
3’. 
Rapid Amplification of cDNA Ends (RACE) 
RACE was done by following the methods described in chapter 2. The primers used for 
RACE analysis were:  
RNA1 (First fragment): for 5’end sequences reverse primers were used: 5’- 
CTGCAGCCTTTTCTTTCCTG -3’, 5’- CTTCAAGAAAAGCGGGTCTG -3’ 
For 3’end sequence forward primers were used: 5’- CTGCCTACTGATGCCTGGAT -3’, 5’-
AAATGCATGGTGTGCAGTGT-3’, 
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RNA2 (Second fragment): for 5’end sequences reverse primers were used: 5’- 
GGATTCCCACAATCACCATC-3’, 5’-AAAAAGCAACAGCAGGATGG-3’, 5’-
CTAAGAGCTTCACTTCGCGG -3’ 
For 3’end sequence forward primers were used: 5’- CAGGAACATTGACCATGACG -3’, 5’- 
GCACTTGAGGTGGGTGATTT-3’, 5’-TAGGGTGACGTTGTTTTCGC-3’, 5’- 
AACCCCAGCTATCGGTACAC -3’ 
PCR amplification of full-length cDNA of the Novel Virus 
First strand cDNA of RNA 1: The first strand cDNA was synthesized in two fragments 
keeping all other experimental conditions same as mention in Chapter 2.  The 2 sets of primers 
used were: Set1- Forward primer 5’-Phos-
TTGAAAAATTTTTATATTCTTTTGTAGTGTGCAACATGGTG-3’, reverse primer 5’-
GATAACCCTCAGATGTATCCAACC-3’. Set2-Forward primer 5’- 
CCAGAGGGAGTGTCTGTAAAGATT -3’, reverse primer 5’-
GAGACCCGGGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGGGGACTAACATTGGTATA
GTCTACCCA -3’. These two fragments were hybridized by denaturing the DNA at 98°C for 2 
min and then cooling to 60°C with a gradual decrease of 4°C/sec. This step was repeated for 1 
more cycle followed by the PCR amplification step. 
First strand cDNA of RNA 2: The first strand cDNA was synthesized into four small 
fragments. The 3 sets of primers used were: Set1- Forward primer 5’-Phos-
TTGAAAAATTTTTATATTCTTTTGTAGTGTGCAACATGGTG-3’, reverse primer 5’-
GAGAGTCGACCAATGTCTGGGGTAGGCAAT-3’. Set2-Forward primer 5’-
GGTACAACTATAGCCATTGCACAC-3’, reverse primer 5’-
TTCTCATTTTATTGGAAGACACGA -3’. Set3-Forward primer 5’- 
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CCATCAGGCGGGTAGTTGTT -3’, reverse primer 5’- 
GAGACCCGGGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGGGGACTAACATTGGTATA
GTCTACCCA -3’. Set4-Forward primer 5’-CTGTAAAGAAAGACGCAAAGGAGG -3’, 
reverse primer 5’-TGACATTTTCCCTCCTAGCTTACC -3’. The second and third fragments 
were hybridized by denaturing the DNA at 98°C for 2 min and then cooling to 60°C with a 
gradual decrease of 4°C/sec. This step was repeated for 1 more cycle followed by the PCR 
amplification step.  
Cloning and Analysis of the PCR Products 
A modified pBR322 cloning vector was used. Sequences for a Cauliflower mosaic virus 
(CaMV) 35S promoter and a nopaline synthase (nos) transcription terminator were cloned into the 
vector. The sequence of the Hepatitis delta virus antigenomic ribozyme (HDVagrz) was added 
upstream of the nos terminator.  The HDVagrz was obtained from pHST40 (Scholthof, 1999) and 
inserted between StuI and SacI cloning sites.  
RNA1 clones: Full-length PCR products was digested with XmaI and the vector was cut 
with StuI and XmaI. The digested PCR product was ligated into the cut vector. After successful 
ligation, the ligated products were transformed into competent Escherichia coli DH10B by 
electroporation and spread on a petri-plate containing ampicilin. The ligation reaction was also 
transformed into ABLE C Competent E. coli cells, were designed to reduce plasmid copy numbers 
to enhance the probability of retrieving clones that express genes that are toxic to E. coli. Plasmid 
DNAs were extracted from overnight cultures from both the cells and analyzed for the presence of 
inserts on agarose gels (Sambrook and Russel 2001). To confirm the size and sequence of the 
inserts, plasmid DNAs were extracted using QIAprep Spin Miniprep Kit. To make sure there were 
no genomic DNA, they were cut with AflII, EcoRV and NruI. 
31 
 
RNA2 clones: The PCR products of fragment 1 was digested with XbaI at the 3’end and 
the vector was cut with StuI at 5’end and Xba1 at 3’end. The digested PCR product was ligated 
into the cut vector. The PCR product of first fragment was ligated into the modified pBR322vector. 
It was transformed into competent E. coli DH10B by electroporation (Sambrook and Russel, 2001). 
Plasmid DNAs were extracted from overnight cultures and analyzed for the presence of inserts on 
agarose gels (Sambrook and Russel, 2001). To confirm the size and sequence of the insert, plasmid 
DNAs were extracted using QIAprep Spin Miniprep Kit. The hybridized fragments 2 and 3 was 
digested with XbaI at the 5’end and with XmaI at the 3’end. The vector containing fragment 1 was 
digested with XbaI at the 5’ end and XmaI at the 3’end. The whole procedure was repeated to ligate 
the hybridized fragment into the modified pBR322 vector that had the first fragment attached to it. 
Five plasmid DNAs were extracted that contained fragment 1 and hybridized fragment 2and 3. 
Among the five plasmids, two of them were chosen and digested with XbaI. The 5’end of the 
vectors were dephosphorylated using Antarctic Phosphatase Reaction Kit, according to the 
manufacturer’s protocol. The 235 nt long fragment 4 was digested with XbaI at 5’ and 3’end. It 
was ligated into the dephosphorylated vectors and transformed again into the competent E. coli 
DH10B by electroporation. The plasmid extraction process was repeated again. PCR was done to 
check and confirm the orientation of fragment 4 into the vector (Fig.3.1). 
Phylogenetic Analysis 
The predicted amino acid sequences of RNA 1 and RNA 2 were aligned separately with 
selected members of the genus Nepovirus using MUSCLE (Edgar, 2004). Conserved regions in 
the alignments were used to construct two phylogenetic trees using MEGA 6 (Tamura et al., 2007).  
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Results 
High-throughput Sequence Analysis  
As mention in Chapter 2, the total RNA sequence reads from North Dakota field samples 
were 4.7×107 100 nt. It contained 2,679 reads from NDNV. RT-PCR detected NDNV only in one 
field of North Dakota and the total number of sequence reads from mRNA of this field was 
1.71×108, of which 3,117,660 reads were from NDNV. The NDNV reads were assembled into two 
separate contigs that represented NDNV RNA1 and NDNV RNA2.   
RACE Analysis and Virus Structure  
Total RNA was used for RACE analysis of both the fragments. It extended the 5’ and 3’ 
end of the RNA1 by 33 nt and 1587 nt, respectively. RNA2 was extended by 35 nt at 5’end and 
1,574 nt at the 3’end.  The complete lengths of RNA1 and RNA2 of the virus were 8,208 nt and 
5,806 nt, respectively, excluding the polyA tail. Both the RNA fragments contained single large 
open reading frame (ORF) followed by a 3’ untranslated region (UTR) of more than 1550 nt that 
was 98% identical between the two RNAs. 
Genome Organization 
The genome of the virus was in two fragments, RNA 1 and RNA2. RNA1 of the virus 
encodes the non-structural proteins and was approximately 2,600 nt longer than RNA2 which 
encodes the structural proteins. Both the RNA fragments were predicted to initiate translation at 
AUG codons. The ORF of RNA1 was 6558 nt long and was predicted to encode a polyprotein of 
2,186 amino acids. The ORF of RNA2 was comparatively shorter consisting of 4,197 nt and 
predicted to encode a polyprotein of 1,399 amino acids. The molecular weight of polyprotein 
encoded by RNA1 was 678.7 kDa and by RNA2 was 478.7 kDa. The predicted amino acid 
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sequences of the polyproteins of RNA1 and RNA2 showed similarity with the non-structural and 
structural proteins, respectively, of members of genus Nepovirus (e.g., Blueberry latent spherical 
virus (BLSV) and PRMV).  
Conserved Domains 
ORF of RNA1: The RNA1-encoded poly protein of the novel virus was predicted to 
contain functional domains in the order P-loop containing nucleoside triphosphate hydrolase 
(NTP), helicase and RNA-directed RNA polymerase (Fig. 3.2). The order of the signature domains 
confirmed that the novel virus belongs to the order Picornavirales. The predicted amino acid 
sequence of the RNA1 polyprotein aligned with the BLSV RNA1 polyprotein with a query cover 
of 98% with a maximum identity of 49% whereas alignment with PRMV RNA1 showed a query 
cover of 81% with maximum identity of 50%.  
ORF of RNA2: The RNA2-encoded polyprotein of the novel virus was predicted to have 
a conserved domain corresponding to nepovirus CP at the C-terminal. Several nepovirus CP 
sequences align with this domain. The predicted amino acid sequence of the RNA2 polyprotein 
aligned with the BLSV RNA2 polyprotein with a query cover of 78% with a maximum identity of 
41% whereas alignment with PRMV RNA2 showed a query cover of 39% with maximum identity 
of 54%.  
Cloning and Analysis of the PCR Products 
The RNA1 clones when transformed into E. coli strains DH10B and ABLE-C, did not 
multiply in them. Many empty vectors were seen after gel electrophoresis. Restriction enzyme 
digestion did not cut the vectors that seemed to have the insert. This confirmed that those were 
either genomic DNA or plasmid with the wrong insert. The results remained the same even after 
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repeating the experiment several times. However, successful cloning was observed in case of 
RNA2. Plasmid DNA when extracted from five independent bacterial colonies were shown to 
contain RNA2 inserts (Fig. 3.3). Gel analysis confirmed that the orientation of fragment 3 in the 
plasmid vector was correct. 
Phylogenetic Analysis 
The phylogenetic analysis of RNA1 of NDNV showed that the novel virus is closely related 
to BLSV, Cherry leaf roll virus, and PRMV (Fig. 3.4). All of the viruses belong to genus Nepovirus. 
Analysis of the RNA2-encoded polyprotein also showed that the virus is closely related to BLSV 
and PRMV (Fig. 3.5). 
Discussion 
In this study, a novel virus belonging to genus Nepovirus was identified and molecularly 
characterized that was closely related to BLSV and PRMV. When nucleotide blast search was 
done for the novel virus no match was found confirming that the virus was a unique species. 
The novel virus has two genomic segments, RNA1 and RNA2. RNA1 putatively encodes 
replication-related proteins and RNA2 putatively encodes the CP and MP. Both RNAs have a very 
long 3’ UTRs that are similar in length to the 3’UTRs of Apricot latent ringspot virus (ApLRSV), 
BLSV, Blueberry leaf mottle virus (BLMoV), BRV, CLRV, PRMV, and TomRSV. As these 
viruses belonged to subgroup C nepoviruses (Isogai et al., 2012), it was predicted that NDNV also 
belong to the same subgroup. The lengths of 5’ UTRs in sub group A, B and C ranges from 70-
300nt whereas the 3’ UTRs in subgroup A and B ranges from 200-400nt and from 1300-1600 nt 
in subgroup C (Sanfaçon, 2008).  
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For nepoviruses, both RNA genome segments are needed for successful systemic infection 
of plants. Protoplast studies show that RNA1 of GFLV can replicate on its own, but RNA2 cannot 
replicate independently. RNA2 encodes the CP, which is required to encapsidate both RNAs. It 
also encodes the cell–to-cell movement protein, however RNA2, itself, needs viral replicative 
functions that are encoded by RNA1 (Gaire et al., 1999). RNA polymerase and RNA helicase 
encoded by RNA1 are presumably responsible for replication. In nepoviruses, CP is encoded by 
C-terminal domain of RNA-2 (Mushegian, 1994). It was also reported that domains for CP and 
MP are present in polyprotein at its C-terminus with two extra protein domains at its N-terminus 
(Sanfaçon, 2008). Another study suggests that C-terminal and N-terminal domains are responsible 
for directing the insertion of TomRSV NTB-VPg protein in endoplasmic reticulum membranes of 
the host (Zhang et al., 2005). RNA helicase and RNA polymerase are predicted to be present as 
conserved domains in the RNA1 segment of the novel virus and RNA2 is predicted to have viral 
CP in the C-terminal domain that is similar to proteins found in other members of genus Nepovirus. 
Therefore, it can be presumed that the novel virus is capable of successful replication in plants.   
Full-length infectious clones play an important part in the study of positive-sense single-
stranded RNA viruses. However, it is often difficult to construct cDNA clones as in the case of 
flaviviruses (Bredenbeek et al., 2003). Often secondary structures of the template RNA hinder the 
polymerization step in the synthesis of full-length first strand cDNA. Another limiting factor that 
makes it difficult to construct a functional clone is the high instability of the cDNA clones in 
bacteria (Boyer and Haenni, 1994). For example, in case of Yellow fever virus (Rice et al., 1989) 
and Japanese encephalitis virus (Sumiyoshi et al., 1992), multiplication of full length cDNA clones 
in bacteria always caused mutations in the sequence of the virus. Likewise, full length cDNA 
clones of RNA1 of the novel NDNV always showed high instability in E. coli, and hence, 
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construction of infectious clones was not possible. Though, RNA2 clones were successfully made 
and were very stable in the bacterial cells, RNA1 clones showed instability once the vector-insert 
ligation reaction was transformed into the bacterial cells. However, the reason for its instability is 
still unclear and viral toxicity could be one of the reasons. 
Viruses in subgroup C of the genus Nepovirus are transmitted by several agents such as 
nematodes, mites and pollen (Isogai, et al., 2012). Blueberry leaf mottle virus is transmitted by 
infected pollen (Childress and Ramsdell 1987) while Grapevine fanleaf virus is transmitted by 
nematode vector (Andret-Link et al., 2004). The transmission method used by the novel NDNV is 
still unknown. However, as the virus was detected only in one field in North Dakota and its 
occurrence appeared to be highly localized, it is likely that the virus was nematode transmitted.  
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Fig. 3.1. Step-by-step method for cloning of North Dakota soybean nepovirus. 
 
 
38 
 
 
 
 
 
Fig. 3.2. Predicted genomic structure of RNA1 (above) and RNA2 (below) of the novel North 
Dakota nepovirus. Both the RNAs are represented with the VPg (red circle) covalently attached at 
the 5’end and the polyA tail (A). P1A: Polyprotein 1A, Hel: Helicase, VPg: viral protein genome-
linked protein, Pro: Protease, Pol: RNA-dependent RNA polymerase, P2A: Polyprotein 2A, MP: 
movement protein, CP: coat protein. 
 
Fig. 3.3. Gel analysis of plasmid DNAs extracted from five independent bacterial colonies contain 
inserts of cDNA copies of North Dakota nepovirus RNA2 (lanes 1-5). M: 1kb ladder. 
  
Hel VPg POL Pro 
CP MP P2A 
P1A 
A 5.8 nt 
A 8.2 nt 
1    2   3   4   5   M 
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Fig. 3.4. Phylogenetic tree of RNA1 of the novel North Dakota nepovirus (NDNV) showing its 
close relation with Blueberry latent spherical virus (BLSV), Peach rosette mosaic virus (PRMV) 
and Cherry leaf roll virus (CLRV).  
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Fig. 3.5. Phylogenetic tree of RNA2 of the novel North Dakota nepovirus (NDNV) showing its 
close relation with Peach rosette mosaic virus (PRMV) and Blueberry latent spherical virus 
(BLSV). 
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